The radiative forcing caused by the emissions of jet aircraft is calculated using data from an aircraft performance model. Data from the performance model is needed to calculate the emissions of the aircraft. The sensitivity function and lifetime of the emitted gasses and particles are used to calculate the integrated radiative forcing of the flight of an aircraft. Analysis of a single flight using different fuels and with different cruising altitudes revealed that contrails and aviation induced cirrus cause the largest integrated radiative forcing. This leads to lowest integrated radiative forcing for a cruise altitude of 6 km for both Jet A-1 and Hydrotreated Renewable Jet fuel (HRJ). If contrails and cirrus are omitted the best cruise altitude from the calculated set for Jet A-1 is 11 km while for HRJ 6 km still leads to the lowest integrated radiative forcing.
I. Introduction
IRCRAFT emissions and their effect on radiative forcing form one of the major problems that aviation industry is currently facing. Effort is put into the reduction of fuel consumption and NO x emissions. Furthermore, biofuels are considered as a possibility to replace current jet fuel (Jet A or Jet A-1). The use of alternative fuels like biofuels will change the emissions of jet aircraft. These changed emissions may have an influence on the radiative forcing induced by aircraft as well. If this is the case, it is necessary to investigate what the best options are for radiative forcing reduction. The focus of this paper is to investigate these options based on a simplified emissions and radiative forcing model.
The radiative forcing from aircraft emissions is depending not only on the amount of emitted matter but also on the altitude where the emissions take place. This study aims to quantify the effects of aircraft emissions using both conventional and alternative fuels on radiative forcing, with altitude as a variable. The emissions that cause radiative forcing directly or indirectly are calculated throughout the flight. These emissions have a lifetime and sensitivity function that are a function of altitude. The integrated radiative forcing is calculated using the lifetime, sensitivity function and emissions data. The integrated radiative forcing caused by a typical flight with a single-aisle aircraft is analysed for different fuels and variable cruise altitude.
II. Performance model
The basis for the determination of the aircraft emissions is formed by an earlier developed aircraft performance model 1 . This model models all flight phases from start to landing. Look-up tables resulting from engine modelling in the Gas Turbine Simulation Program (GSP) are used in a numerical integration of flight performance equations. For the calculation of emissions of a flight, input parameters like payload, range and fuel properties are used. A succession of flight phases is calculated, resulting in output parameters like fuel flow, altitude and airspeed throughout the complete flight. This data is used in the calculation of the emissions.
III. Emission calculation
The calculation of the different emissions is done such that no detailed engine data is required. Only flight data from the performance model and from the ICAO emissions databank is being used. More detailed information on pressures and temperatures inside the engine would require look-up tables with more data and very accurate engine models. This would make these calculations much more difficult and less applicable as a simple and effective tool that can be used easily for different aircraft. 1 PhD student, ASSET, T.A.Snijders@TUDelft.nl, AIAA student member. 2 Assistant professor, ASSET, J.A.Melkert@TUDelft.nl, AIAA member.
The estimation of the carbon dioxide (CO 2 ) and water (H 2 O) emissions is done in a rather straightforward way. It is assumed that all carbon in the fuel is used to create CO 2 . The amount of carbon that is emitted as CO, unburned hydrocarbons and soot is assumed to be very small compared to the CO 2 emissions, especially at power settings higher than approach setting. Thus, the hydrogen-to-carbon ratio (h/c) of a fuel can be used to determine CO 2 emissions in combination with the atomic mass of carbon and the molar mass of CO 2 .
The emissions of water are determined in the same manner. Again it is assumed that the amount of hydrogen in unburned hydrocarbons and soot is negligible compared to that in water. The h/c ratio can be applied to determine the emission index of water.
Sulphuric oxide emissions are also dependent on the fuel composition and not so much on engine setting. According to Ref. 2, 50% of the fuel bound sulphur forms optically active sulphate aerosols. It is assumed that the remaining sulphur leaves the engine in gaseous form as sulphuric oxides. The exact quantity of this gaseous form depends on the type of oxide formed. But since sulphuric oxides have no significant influence on radiative forcing at cruise altitudes of civil jet aircraft 2 , it is not calculated. Determination of nitrogen oxides (NO x ) emissions is more complex. NO x emissions are dependent on the temperature in the combustion chamber. Without the use of detailed engine data, a correction must be found that enables the extrapolation from the published emission indices in the ICAO emissions databank to higher altitude and airspeed. The Boeing2 method 3 uses the ambient pressure and temperature during flight to correct fuel flow to ground level and zero airspeed. The corrected fuel flow is used to find a reference emission index, using linear interpolation between the points in the emissions databank. This reference emissions index is corrected again for ambient pressure, temperature and humidity of the air, which is assumed to be zero at cruise altitude, in order to find the emissions index at altitude and airspeed.
The emissions of soot are hard to quantify. Generally only the Smoke Number is known for an engine and this does not provide an actual number for soot emissions in terms of an Emission Index. Correlation between Smoke Number and soot mass emitted is not clear 4 . When an Emission Index is known for the LTO cycle, the extrapolation to altitude and airspeed requires very detailed engine information, for example the flame temperature 4 . It is outside the scope of this study to analyze the engine details for different fuels and at many altitudes, airspeeds and engine setting. It is therefore decided to use a fixed soot emission index of 0.04 g/kg for Jet A-1 2 and a constant change for other fuels. This will only influence the calculated negative radiative forcing caused by soot, contrails and aircraft induced cirrus are dealt with differently.
IV. Effects of fuel composition
Alternative aviation fuels have a different composition than Jet A-1. Next to changes in fuel consumption that were determined in the performance calculations, the emission indices change with fuel type as well. For a very exotic alternative fuel like liquid hydrogen the emissions change very clearly; any carbon-containing or sulphurcontaining emissions disappear and only water and NO x remain. In the case of synthetic fuels or hydrotreated renewable jet type fuels (HRJ) the changes may be more subtle. Measurements reported in literature show a reduction in soot emissions of 40 to 95% [5] [6] [7] . The reduction reported for cruise setting is around 85%, which will be used in current calculations. The NO x emissions decrease between 0 to 5% according to the same sources. For the current calculations, a reduction in NO x emission of 2.5% will be used. Changes in sulphur-containing emissions and CO 2 and water emissions are in correspondence with the fuel composition.
The effect of the use of alternative fuels on contrail and aircraft induced cirrus is very uncertain 2 . It is assumed that the sulphur contents of the fuel as well as the soot emissions influence the formation of contrails significantly by providing condensation nuclei 8, 9 . Thus, the expectation would be that synthetic fuels, with low to zero sulphur content and soot emissions, will reduce the amount of contrails and aircraft induced cirrus. On the other hand, the higher h/c ratio of these fuels lead to an increased water emission which, in turn, will increase the formation of contrails. Furthermore, the optical properties of the contrails and cirrus may change with the changed emissions. The fewer soot particles emitted by an aircraft using synthetic fuel combined with the increased water emissions can result in fewer, possibly bigger droplets in the contrail. Furthermore, in the absence of more condensation nuclei, homogeneous condensation may also play a bigger role and create more droplets or ice crystals that consist only of water. Because of these uncertainties, it is decided to leave contrails and aircraft induced cirrus constant for different fuels.
V. Radiative forcing modelling
The radiative forcing of the direct and indirect emissions is calculated using the lifetime and sensitivity function of Ref. 10 . The lifetime gives a measure of how long an emitted gas will remain in the atmosphere. The sensitivity function indicates the radiative forcing caused by the emission of 1 Dobson Unit, which equals a 0.01 mm thick column of emitted gas at sea level. This Dobson Unit can be derived from the molar mass of the emitted gas using the molar volume of air at sea level conditions and the area of the Northern hemisphere which is used as reference area. Both the lifetime and the sensitivity function are usually a function of altitude. No fixed time window is used for the calculation of the total radiative forcing caused by the emissions. Instead, time is kept as a variable in order to find the effects of the emissions over time. This means that the following integral is evaluated at different points in time 10 :
Where E i is the warming effect of a gas with index i, ΔY i is the emitted amount of gas with index i in Dobson Units as a function of altitude, S i is the sensitivity function and τ i is the lifetime of gas with index i.
The radiative forcing caused by the emission of carbon dioxide is governed by the long lifetime of CO 2 in the atmosphere. With a lifetime of 150 years 10 the gaseous emission has the chance to spread throughout the atmosphere. Thus, the effect of the emission of CO 2 is independent of the altitude and a constant lifetime and sensitivity function of 150 years and 1.947*10 -5 W/m 2 /DU, respectively, are used 10 . Contrary to CO 2 emissions, the effect of water emissions is dependent on altitude. At altitudes below, on average, 10 km water emissions mix with the normal water cycle in the atmosphere and it has a short lifetime. At higher altitude, however, the stability of the air in the stratosphere results in a much longer lifetime and radiative forcing effects. The lifetimes and severity factors are presented in Ref. 10 . The effects of water emissions on contrail and cirrus formation are dealt with separately. NO x emissions do not cause radiative forcing directly. Instead, it causes the creation of ozone (O 3 ) and destruction of methane (CH 4 ), both greenhouse gases. In this case, the emitted amount of gas, ΔY i , is replaced by a production function. This production function determines the amount of O 3 and CH 4 created or destroyed by the emitted NO x as a function of time and altitude 10 . The maximum lifetime of NO x is in the order of days 11 , much smaller than the time horizons used in this study. Therefore, it can be assumed that the ozone and methane is produced instantly after emission without effect on the results.
Ozone has a lifetime of weeks at low altitude to months at high altitude. This is too short to fully mix the gas in the atmosphere and therefore an altitude variable sensitivity function is used. Methane on the other hand has a lifetime of up to nine years, which provides time for mixing. Therefore a constant sensitivity function of 5.362*10 The direct effect of soot or black carbon is calculated in the same manner as sulphate aerosol. In this case, the positive radiative forcing of black carbon is 3000 W/g soot at higher altitude where the soot is emitted above the clouds 2 . The same lifetime as sulphate aerosol is assumed for black carbon particles. The radiative forcing of contrails and aircraft induced cirrus is very uncertain 2 . Next to the unknown effect of aircraft emissions on contrail formation, the radiative forcing itself depends on the optical properties of the ice particles in the contrails as well as the thickness of the clouds. In this paper, results are presented for a narrow-body aircraft. The temperature change for a 100 year time horizon due to contrail and cirrus radiative forcing for this category aircraft is found on a basis of flight distance 13 . This temperature change can be compared with the temperature change due to one kg of CO 2 emissions presented in the same research. Evaluation of equation (1) for one kg of CO 2 and a time horizon equal to 100 years results in an IRF for this emission. Application of equation (1) in reverse leads to the sensitivity factor for contrails and cirrus at a specific altitude. The lifetime of a persistent contrail is in the order of hours , on average we assume six hours; while aircraft induced cirrus is estimated to last one day. The chosen lifetimes do not influence the results as the lifetimes cancel out by the use of equation (1) for the integrated radiative forcing and in reverse for the determination of the sensitivity factor. The sensitivity factor for one unit of flight length is found to be 1. 
VI. Results
A single flight of an Airbus A320 size aircraft is analysed using the radiative forcing calculations. A typical continental flight of 1500 km with a payload of 15,000 kg is used. For this flight the integrated radiative forcing (IRF) is calculated for different altitudes and fuels. First of all, the effect of the different emissions for a flight at 11 km altitude using Jet A-1 is shown in figure 1 . Under the current assumptions it is seen that the effects of contrails and aviation induced cirrus are the largest contributor to the total IRF. This stresses the importance of the knowledge of contrails and aviation induced cirrus and their influence on global warming. The contribution of contrails and cirrus is slightly larger than the IRF of CO 2 . Ozone and water form the other large contributions to the total IRF while soot, sulphate and methane are of minor importance. Figure 2 shows the IRF for the given flight for different altitudes and a variable time horizon. The first point of each altitude line is for a time horizon of 1 year. This point is mainly composed of the contributions of the emissions with a short lifetime, most importantly ozone, water and contrails and cirrus. Since only ozone has an effect below 7 km altitude, the difference between a 4 km cruise altitude and a 6 km cruise altitude is determined by the production and sensitivity of ozone. This results in a slightly higher IRF for the 6 km cruise altitude. At higher altitudes the water emissions and contrails govern the IRF at the 1 year time horizon. This results in an increasing IRF with altitude up to 10 km cruise altitude. Above this altitude, contrails have a lower sensitivity function and IRF starts decreasing. For all altitudes the IRF increases with the time horizon, with a tendency to level off at higher time horizons. The lines are steeper with decreasing altitude, which is a result of the larger amount of CO 2 emitted when flying at a lower altitude. The curve for 4 km cruise altitude is steeper than that of a 6 km cruise altitude. This results in the IRF of 4 km cruise altitude raises above that of 6 km after about 40 years. For longer time horizons it will even raise above the 8 km cruise altitude curve. The other lines may only cross at very long time horizons and consequently, for a time horizon of 150 years a cruise altitude of 6 km has the lowest IRF. If the occurrence of contrails and aviation induced cirrus is omitted, the results are very different as is shown in figure 3 . Such an omission might be considered reasonable if contrails could be avoided. However, such technology is not fully developed yet 14 . In figure  3 it is seen that the IRF for the low altitudes is equal to that in figure 2 . The higher cruise altitudes show, as could be expected from figure 1, a much lower IRF. This places the IRF of the higher altitudes very close to those of the lower altitudes. For clarity of figure 3, the 10 km cruise altitude is left out while the 11 km cruise altitude is dashed. As in figure 2 , the IRF is determined by the short lived emissions at short time horizons while the increase in IRF depends on the CO 2 emissions of the flight. In this case, the 6 km cruise altitude again results in the lowest IRF after 150 years. However, the lines indicate that if the time horizon would be increased after 150 years, the lowest IRF will be reached by the 11 km cruise altitude. The 4 km cruise altitude has the highest IRF after 100 years.
In figure 4 a comparison is made for the IRF of three different fuels used in the flight, assuming no contrails. The 11 km cruise altitude line from figure 3 is used for Jet A-1 while the IRF for a Gas-to-Liquid (GTL) synthetic kerosene is plotted next to it. The lower CO 2 and NO x emissions of GTL result in a somewhat lower IRF for GTL than for Jet A-1, both at short and long time horizons. It has to be noted that this does not include possible emissions during production of GTL. For the IRF of Hydrotreated Renewable Jet fuel (HRJ) the same emissions as for GTL are used, with the assumption that 80% of the CO 2 emitted was absorbed by the biomass used for producing the HRJ. Because of the long lifetime of CO 2 this can be seen as an 80% reduction in CO 2 emissions during flight. For a very short time horizon this means that the IRF of GTL and HRJ are nearly the same. However, due to the CO 2 emissions the IRF for the use of GTL rises quickly while the IRF for the use of HRJ increases much slower. This results in an IRF for HRJ less than half the IRF for GTL and Jet A-1 after 150 years. The IRF for flights at different cruise altitudes using HRJ, with 80% CO 2 emission reduction, is depicted in figure 5 . Contrails and aviation induced cirrus are included in this figure. For low cruise altitudes, the IRF is determined by the emissions of NO x at short time horizons and by the CO 2 emissions at longer time horizon. As NO x emissions have low impact at 4 km altitude, the IRF of this altitude is nearly zero at the start. The higher CO 2 emissions for a flight at this low altitude, however, increase the IRF in the long term. Therefore, it will surpass the IRF for the 6 km cruise altitude. At high altitudes the same trend is visible as for Jet A-1 for short time horizons in figure 2. The effect of contrails and aviation induced cirrus is the highest at 10 km altitude and reduces for higher altitudes. Consequently, the cruise altitude of 10 km results in the highest IRF. The reduced CO 2 emissions result in a relatively small increase in IRF over time and the total IRF after 150 years is still mainly determined by the contrails and cirrus.
When the occurrence of contrails and aviation induced cirrus is omitted again, this results in the IRF shown in figure 6 . As in the case of Jet A-1, the IRF for low altitudes is unchanged compared to figure 5 and the lowest IRF for the very long term is reached for the 6 km cruise altitude. At short time horizons, the IRF is determined by the short lived emissions again and the high effects of NOx and water emissions at higher altitudes result in an increasing IRF with altitude. The IRF for 10 and 11 km cruise altitude are almost equal for all time horizons. With the exception of the IRF at 1 year, the IRF for the 11 km cruise altitude is slightly higher than the IRF for 10km cruise altitude until the time horizons of around 100 years. The effect of the higher fuel consumption and slightly increased CO 2 emissions at 10 km altitude increases the IRF for this altitude past the IRF for 11 km cruise altitude.
VII. Conclusions
A combination of an aircraft performance model and emission calculations provided the basic data needed to calculate the integrated radiative forcing caused by complete flights. With the used sensitivity functions and lifetimes of the different emissions, it is found that contrails and aviation induced cirrus have the largest influence on When the effect of cruise altitude on an aircraft is analysed, it is found that the lowest integrated radiative forcing (IRF) after 150 years is reached for a 6 km cruise altitude. The lower fuel consumption at higher cruise altitude is counteracted by the increased radiative forcing from contrails and cirrus and the highest IRF is reached for a cruise altitude of 10 km. When the contrails and cirrus are omitted, the highest IRF is reached for a cruise altitude of 4 km while the lowest IRF is found for 6 km at a time horizon of 150 years. At a longer time horizon, the cruise altitude of 11 km will result in the lowest IRF.
The use of hydrotreated renewable jet (HRJ), for which it is assumed that 80% of the carbon comes from renewable sources, again results in the lowest IRF for a 6 km cruise altitude. Due to the contrails and cirrus a cruise altitude of 10 km leads to the highest IRF. If contrails and cirrus are avoided, still the lowest IRF is found for a cruise altitude of 6km and the highest IRF is found for a cruise altitude of 10 km.
